Introduction
Graphene is a two-dimensional (2D) crystal made out of carbon atoms arranged on a hexagonal (honeycomb) structure, as shown schematically in Fig. 1(a) . Although it has been experimentally isolated only recently (2004) [1] , graphene has been the object of theoretical investigations for more than 60 years, because it represents the simplest structure to understand the electronic properties of all other allotropes of carbon with sp 2 hybridisation. In fact, fullerenes [2] are molecules where carbon atoms are arranged spherically ( Fig.1(d) ), and hence, from the physical point of view, are zero-dimensional (0D) objects with discrete energy states. Carbon nanotubes [3, 4] are one-dimensional (1D) objects ( Fig.1(c) ) , and can be modelled as a rolled graphene sheet along a given direction with reconnected carbon bonds. Graphite, the three dimensional (3D) allotrope of sp 2 carbon, can be modelled as the stacking of graphene sheets ( Fig.1(b) ). The graphene lattice structure is characterized by two types of C-C bonds (σ, π) constructed from the four valence orbitals (2s, 2p x , 2p y , 2p z ), where the z-direction is perpendicular to the sheet. Three σ-bonds join a C atom to its three neighbours. They are quite strong, leading to optical-phonon frequencies much higher than observed in diamond. In addition, the C-C bonding is enhanced by a fourth bond associated with the overlap of p z (or π) orbitals. The electronic properties of graphene are determined by the bonding π-and antibonding π*-orbitals, that form electronic valence and conduction bands. Fig.2(a) shows a stereoscopic graph of the graphene valence (π) and conduction (π*) bands in the first Brillouin zone, while Fig.2(b) shows the energy of the π (π*) and σ (σ*) band along the high symmetry directions in the first Brillouin zone. According to this bandstructure, graphene can be described as a zero-gap semiconductor. The π-band electronic dispersion for graphene at the six corners of the 2D hexagonal Brillouin zone is found to be linear,
where ħ is the reduced Planck's constant and v F (≈10 6 m/s) is the electron Fermi velocity in graphene.
The linear electronic band dispersion leads to the description of carriers in graphene as "massless Dirac fermions". The six points where the cones touch are referred to as the "Dirac" points, and Fermi energy crosses these points in neutral graphene. Graphene is a true 2D electron system. There are, broadly speaking, four qualitative differences between 2D graphene and 2D semiconductor systems found in Si inversion layers in MOSFETs, GaAs-AlGaAs heterostructures, quantum wells, etc. i. First, 2D semiconductor systems typically have very large (> 1 eV) bandgaps so that 2D electrons and 2D holes must be studied using completely different electron-doped or hole-doped structures. By contrast, graphene is a gapless semiconductor with the nature of the carrier system changing at the Dirac point from electrons to holes (or vice versa) in a single structure. A direct corollary of this gapless (or small gap) nature of graphene, is of course, the "always metallic" nature of 2D graphene, where the Fermi level is always in the conduction or the valence band. By contrast, the 2D semiconductor becomes insulating below a threshold voltage, as the Fermi level enters the bandgap. ii. Graphene systems are chiral, whereas 2D semiconductors are non-chiral. Chirality of graphene leads to some important consequences for transport behavior. For example, 2k F -backscattering is suppressed in single layers of graphene at low temperature.
iii. Monolayer graphene dispersion is linear, whereas 2D semiconductors have quadratic energy dispersion. This leads to substantial quantitative differences in the transport properties of the two systems. iv. Finally, the carrier confinement in graphene is ideally 2D, since the graphene layer is precisely one atomic monolayer thick. For 2D semiconductor structures, the quantum dynamics is two dimensional by virtue of confinement induced by an external electric field, and as such, 2D semiconductors are quasi-2D systems, and always have an average width or thickness <t> (≈ 5 nm to 50 nm) in the third direction with <t>≤ F , where F is the 2D Fermi wavelength (or equivalently the carrier de Broglie wavelength). The condition <t> < F defines a 2D electron system. In particular, for graphene, we have F ≈ (2×10 7 √π/√n) nm, where n is the carrier density in cm −2 , and since t ≈ 0.1 nm to 0.2 nm (the monolayer atomic thickness), the condition F >t is always satisfied, even for an unphysically large n=10 14 cm −2 . The classic technique to verify the 2D nature of a particular system is to show that the orbital electronic dynamics is sensitive only to a magnetic field perpendicular to the 2D plane of confinement. Therefore, the observation of magnetoresistance oscillations (Shubnikov-de Hass effect) proves the 2D nature. The most definitive evidence for 2D nature, however, is the observation of the quantum Hall effect, which is a quintessentially 2D phenomenon. Any system manifesting an unambiguous quantized Hall plateau is 2D in nature, and therefore the observation of the quantum Hall effect in graphene in 2005 by Novoselov et al. [5] and Zhang et al. [6] is an absolute evidence of its 2D nature. In fact, the quantum Hall effect in graphene persists to room temperature [7] , indicating that graphene remains a strict 2D electronic material even at room temperature.
Graphene for electronic applications: opportunities and challenges
Graphene has been adopted as a material of choice by researchers involved in many fields. In particular, simultaneous observation of high mobility, sensitivity to field effect and ease of contacting made graphene an appealing candidate for field-effect transistor devices. A lot of progress has been made in that direction. Manufacturability of graphene transistor operating at 100 GHz has been demonstrated on wafer-scale [8] . Moreover, chemically stable, robust and foldable graphene sheets possess enough optical transparency to be considered as transparent conductors in applications as coatings for solar cells, liquid crystal displays etc. for the replacement for indium tin oxide [9] . However some open issues still remain and are currently the object of intense research activity. i. Although the "intrinsic" mobility of graphene has been estimated to be >2×10 5 cm 2 V -1 s -1 , the mobility values commonly reported in the literature span a wide range, from ~10 2 to ~10 4 cm 2 V -1 s -1 , depending on the synthesis method used to obtain graphene, on the kind of substrate where it is deposited, etc… It is evident that the intrinsically outstanding transport properties of this material are limited by extrinsic mechanisms. However, there is no consensus about the scattering mechanism that currently limits the mobility in graphene devices; ii. Due to the zero bandgap of graphene electronic structure, it is not possible to reach high values of the ratio I on /I off between the on state and off state current in graphene field effect devices. To date several strategies have been developed to open a gap in graphene electronic bandstructure. Among them, the following must be cited. [12] , d. The influence of the SiC substrate on the epitaxial graphene on Si face of hexagonal SiC has also been shown to induce substantial band gap [13] , e. Moreover, a bandgap can also be induced in semimetallic graphene if it is shaped in nanoribbons by a direct consequence of the lateral confinement of the 2DEG [14] . However, this points to extremely challenging need to perform atomically precise tailoring of graphene over long distances for advanced graphene electronic architectures.
Need for a nanoscale control of graphene electronic properties
As ongoing efforts to incorporate graphene into electronic applications, attempts are already being made to gain consistent control over electronic properties in graphene down to nanometer scale so as to explore its possibility as a complementary material to Silicon for prospective nanoelectronics. Notable amongst these include intentional control of the density and character of its charge carriers by doping [15] , and confining charge carriers to nanometer constrictions [14] . Typically, most experiments probe the global electrical response of graphene devices thus yielding properties averaged over the whole device. As a consequence, local properties and their distributions within the sample are inaccessible with standard electron transport measurements. In low dimensional electronic systems, like graphene, the local phenomenona/effects might have much stronger impact than previously believed. Hence, naturally, developing techniques to analyse and/or control the local effects in graphene has attracted wide interests. Consequently, such local probing techniques have helped gain significant insights into various aspects of functioning graphene devices. Notably, scanning probe microscopy (SPM) based measurements have provided the most direct probe of local electronic properties. For example, Scanning Photocurrent Microscopy [16] has been used to probe the 'electrostatic potential landscape' of graphene in view of analyzing the local changes in the electronic structure of the graphene sheets introduced by their interaction with deposited metal contacts and by local symmetry breaking/ disorder at the sheet edges. On the other hand Raman microscopy has been used to probe mesoscopic inhomogeneity in the doping [17] , due, possibly, to the presence of charged impurities. Formation of sub-micron (resolution limited) electron and hole charge puddles near Dirac point in graphene, has been demonstrated by Martin et. al. [18] using Scanning Single Electron Transistor microscopy where they gauged the intrinsic size of the puddles to be ~30 nm. Atomic Force Microscope based scanning microscopy techniques have also been significantly used to get better insights in graphene electronic properties. For example, highresolution scanning tunneling microscopy (STM) [19D ] experiments have directly imaged charge puddles of ~10 nm in size and suggested they originate from individual charged impurities underneath graphene. In the wake of such proven local inhomogeneity in electrical properties of graphene the work presented in this chapter focuses on local evaluation of transport properties in substrate-supported graphene by the use of scanning probe microscopy based methods with nanometer scale lateral resolution.
In particular Section 2 deals with the most common graphene synthesis methods and, in particular, on those used in this study, i.e. mechanical exfoliation of HOPG and epitaxial www.intechopen.com
Electronic Properties of Graphene Probed at the Nanoscale 357 growth by thermal treatments on hexagonal SiC. The characterization methods used for the identification and morphological and structural analyses of the produced graphene layers are also illustrated Section 3 is focused on the evaluation of the local transport properties, electron mean free path and mobility, in graphene on insulating and semiconducting substrates. In particular the role of the interaction of 2DEG in graphene with the substrate (in particular, the role of dielectric environment) is discussed.
Graphene synthesis methods
Graphene has been adopted as a material of interest quite widely. This had led to many motivations for material synthesis. To date, the synthetic techniques fall into two categories.
In the first approach the weak bonding between the graphene layers in HOPG is exploited and single or few layers of graphene are separated from the parent crystal either by mechanical [1] or chemical exfoliation [20] . Mechanical separation, the technique used to obtain and study graphene in the laboratory for the first time [1] , is a simple, inexpensive method, yielding graphene flakes of very high crystalline quality. However, the yield of graphene production is extremely low and the flakes have small dimension (from 1 μm to 100 μm lateral size), so that this approach lacks the scalability required by mass device production. Exfoliation of graphene in solution from HOPG by chemical methods allows to improve the yield, but the size of the flakes remains too small and the crystalline quality is worse than in mechanically exfoliated graphene. The second approach is based on the epitaxial growth of graphene on substrates. In particular, graphene has been obtained by chemical vapour deposition on catalytic metal films (Ni, Cu,..) from hydrocarbon precursors [21, 22] , or by controlled thermal decomposition of SiC [23] . This second approach has the potential of producing large-area lithography-compatible films and is rapidly advancing at the moment. The crystalline quality of epitaxial graphene is typically lower than in mechanically exfoliated graphene flakes, but it could be improved by improving the growth methods. In the case of graphene grown on metal substrates, the grown film needs to be transferred to an insulating substrate, to be useful in electronic applications. On the contrary, epitaxial graphene obtained by thermal treatments of SiC grows directly on a semiconducting or semiinsulating substrate, and is expecially suitable for electronic applications. In the present study, the used graphene samples were obtained by mechanical exfoliation of HOPG and by epitaxial growth on hexagonal SiC substrate. The sample preparation and graphene identification for the two methods are discussed in the following.
Mechanical exfoliation of HOPG
Mechanical exfoliation, developed by Novoselov and Geim [1] , involves a topdown approach to get graphene from highly oriented pyrolitic graphite (HOPG). Using a common adhesive tape a thin graphite layer is peeled off from HOPG. With an inter-layer van der Waals interaction energy of about 2 eV/nm 2 , the force required to exfoliate graphite is extremely weak, about 300 nN/ m 2 . After repeated thinning the flakes are transferred by gently pressing the tape onto suitable substrate. We used extensive characterization by Optical contrast microscopy imaging (OM), TappingMode AFM (t-AFM), and microRaman ( R) spectroscopy to analyze/identify manolayer flakes. In Fig. 3 (a), an OM image of a FLG sample is reported [24] . The variable contrast in the image is indicative of a variable number of layers in the different regions of the sample. In particular, a lower contrast is associated to thinner layers. After an appropriate calibration, optical contrast variations can be used for a quantitative determination of the number of layers. In Fig.3 (b), R spectra measured on some selected positions indicated by the red, green and blue dots in the OM of Fig. 3 (a) are shown. As a reference, the spectrum obtained from HOPG is also reported. Raman spectroscopy is a very powerful method for the characterization of HOPG and FLG. In particular, it allows an unambiguous distinction between single layer, bilayer and multilayers in the case of graphene obtained by exfoliation of HOPG [25] . This is possible through a comparison of the relative intensity of the characteristics G peak (appearing at ~1580 cm -1 ) and 2D peak (appearing at ~2680 cm -1 ) and from the symmetry of the 2D peak in the Raman spectra. As it is evident from Fig.3 (b), the spectrum measured in the flake region with the lowest optical contrast (position indicated by a red point in Fig.3 (a)), exhibits a symmetric 2D peak with very high intensity compared with the G peak. These characteristic spectroscopic features have been associated uniquely to a graphene single layer. As it is evident, the relative intensity of the two peaks is very different in the case of a graphene bilayer, for which the 2D peak is not symmetric. For a number of layers larger than three the Raman spectrum becomes qualitatively similar to that of HOPG.
In Fig.4 (a), an AFM morphological image on the same sample region as in Fig.3 (a) is reported. In order to obtain quantitative information on the number of graphene layers from these morphological image, a height profile along the dashed line indicated in Fig.4 (a) is reported in Fig.4 (b). The zero height value is represented by the SiO 2 surface level. Hence, from the profile in Fig.4b it is possible to deduce the height associated to the single layer, bilayer and trilayer of graphene previously identified by Raman spectroscopy. Interestingly, the measured height of a single layer with respect to the SiO 2 is ~0.7 nm, while the relative heights of the second layer with respect to the first one and that of the third layer with respect to the second are both ~0.35 nm. The latter thickness value is very close to the interlayer spacing between graphene planes within HOPG. Hence, it seems that the measured step-height for a single layer of graphene is affected by an "offset". This means that, in order to use AFM to determine the number of graphene layer in a sheet, it is necessary to have an accurate estimate of this value. To do this, the step height with respect to SiO 2 was measured on a large number of flakes with variable number of layers, and with a "staircase" structure similar to that illustrated in Fig.4 (b). For each flake, the single layer region was unambiguously determined by R measurements. The number of layers for thicker regions could be obtained by counting the number of subsequent steps with ~0.35 nm height. In Fig.4c , the average height h is reported as a function of the estimated number of layers n. These data have been fitted with the linear relation, h=t gr ×n+t 0 , where the interlayer spacing t gr and the offset t 0 are the fitting parameters. The best fit with the experimental data has been obtained for the values of t gr =0.36±0.01 nm and t 0 =0.28±0.06 nm. Based on such calibration curve (measured height versus number of layers), it is possible to determine in an accurate and straightforward way the number of layers in a multilayer sheet deposited on thermal SiO 2 by an AFM analysis. However, this calibration procedure has to be repeated if the substrate material is changed, since the offset t 0 depends on the specific substrate. Quantitative information on number of graphene layers deposited on a substrate can also be obtained from optical images, if an accurate analysis of the contrast is carried out. The optical contrast C can be quantitatively defined as,
where R gr is the reflected light intensity by FLG and R sub the reflected intensity by the substrate [26] . Typically a SiO 2 /Si substrate with 100 or 300 nm thick SiO 2 is chosen, since for these thicknesses optical contrast is maximized for light wavelengths in the visible range (400-700 nm), due to a constructive interference effect. Fig. 5 (a) and (b) illustrate the procedure to extract the optical contrast from an OM on a single layer of graphene flake deposited on 100 nm thick SiO 2 and illuminated with light of 600 nm wavelength [24] . Based on this procedure, the optical contrast can be determined for flakes of different thickness. The number of layers in the flakes can be independently determined by AFM according to the calibration curve in Fig.4 (c) . In layers) for samples deposited on 300 nm SiO 2 and illuminated with light of 400 nm (black triangles) and 600 nm (red squares) wavelengths. The lines represent the calculated contrast as a function of the number of layers. The reflected light intensities R sub and R gr are calculated using the Fresnel equations. The literature values of the complex refraction index of Si and SiO 2 as a function of the wavelength were used. For graphene, the real and imaginary part of the refraction index n gr were calculated starting from its noticeable absorption properties in the wavelength range of visible light. In fact, recently, it has been shown that a single layer of graphene absorbs a fixed percentage (πα= 2.3%, where α is the fine structure constant) of the intensity of incident visible light [27] . Moreover, for few layers of graphene, the absorbance increases linearly with the number of layers. Based on these properties, refraction index values of graphene for the two considered wavelengths were calculated to be: 
Epitaxial growth of graphene of SiC
Graphene growth during annealing of SiC relies on the interplay of two different mechanisms: (i) the preferential Si sublimation from SiC surface, which leaves an excess of C atoms in the near surface region, and (ii) the diffusion of these C atoms on the SiC surface and their reorganization in the two dimensional graphene lattice structure. Both mechanisms depend in a complex way both on the annealing conditions (temperature T gr , ramp rate, pressure in the chamber) and on the initial surface conditions of SiC wafers, e.g. the termination (Si or C -face), the miscut angle, the defectivity. It has been shown that the rate of Si evaporation can be strongly reduced by performing the annealing in inert gas ambient at atmospheric pressure instead than in vacuum [28] . This results in the possibility to raise the growth temperature, from typical values of T gr ∼1300°C in vacuum to T gr >1600°C at atmospheric pressure [29] . This has, in turns, beneficial effects on the crystalline quality of the EG layers, since at higher temperature a higher diffusivity of the C atoms on the surface is achieved. It has been also observed that graphene growth starts from the kinks of terraces on the SiC surface or from defects (e.g. pits or threading dislocations) [30] . This means that, for fixed annealing conditions, a higher growth rate is expected on vicinal, i.e. off-axis, SiC surfaces than on on-axis ones, since the spacing between terraces kinks is reduced. Most of the studies on EG growth reported in the literature were carried out on on-axis hexagonal SiC substrates. The results here reported concern EG grown on the Si face of 8° off-axis 4H-SiC by annealing in inert gas (Ar) ambient in a wide range of temperatures (T gr from 1600°C to 2000°C) [31] . A morphological AFM image of the virgin 4H-SiC (0001) surface is reported in Fig.6 , showing the parallel terraces oriented in the <00-10> direction and with a mean width of ∼30 nm. AFM images of the surface morphology for the samples annealed at 1600, 1700 and 2000 °C are reported in Fig.7(a) , (b) and (c), whereas the corresponding phase maps on the same samples are reported in Fig.7(d) , (e) and (f). Annealed samples show wide terraces (average width of ~150-200 nm) running parallel to the original steps in the virgin sample. Such large terraces are the result of the step-bunching commonly observed on off-axis SiC substrates after thermal treatments at temperatures >1400°C. Interestingly, a network of nanometer wide linear features is superimposed to these large terraces. These features are particularly evident in the phase images of the surfaces.
www.intechopen.com In the orthogonal direction, it is worth noting very small steps with nm or sub-nm height, which are overlapped to the large terraces of the SiC substrate. The height of these steps is always a multiple of 0.35 nm, the height value corresponds the interlayer spacing between two stacked graphene planes in HOPG. As an example a ∼0.35 nm and a ∼1.1 high step are indicated in Fig.8(b) , associated, respectively, to one and three graphene layers over the substrate or stacked over other graphene layers. From the linescan in the direction parallel to the terraces length (c), peculiar corrugations with ∼2 nm typical height can be observed. HRXTEM analyses allowed to get further insight on the structural properties of the graphene films grown at the different temperatures and to clarify the nature of these peculiar corrugations.
In Fig.9 (a) and (b) two representative HRXTEM images for a sample annealed at 2000 °C are reported. From Fig.9 (a), it is evident that a graphene multilayer uniformly covers the SiC surface also on the terrace step edges. From Fig.9(b) , the structure of one of the peculiar corrugations running orthogonal to the steps is reported. This cross sectional image unambiguously demonstrate that those features are wrinkles in the multilayer graphene film. These peculiar defects have been observed also by other authors in the case of few layers of graphene grown on the C face [32] or on the Si face [33] of hexagonal SiC, on-axis. However, in that case wrinkles do not exhibit any preferential orientation with respect to the steps, but form an isotropic mesh-like network on the surface, where wrinkles are interconnected into nodes (typically three wrinkles merge on a node and the angles subtended by the wrinkles are ~60° or 120 °C [32] ). The formation of that mesh-like network of wrinkles was attributed to the release of the compressive strain which builds up in FLG during the sample cooling due to mismatch between the thermal expansion coefficients of graphene and the SiC substrate [32] . Comparing the morphology and phase images in Fig.7 for the samples annealed at the different temperatures, it is easy to observe that the density of wrinkles increases with temperature. In Fig. 11(a) , an optical image of the etched stripes in on the sample annealed at 1700 °C is reported. To obtain an accurate estimation, we checked if the SiC substrate is slightly etched by the used plasma processing. To this aim, a lithographically patterned pristine SiC substrate was simultaneously etched together with the graphitized SiC samples. Fig. 11(b) and (c) show the height profile taken on a stripe on pristine SiC and on the sample annealed at 1700 °C, respectively. From Fig. 11(b) , it is clear that a thickness t0~2 nm of SiC is etched during the plasma treatment, due to the physical action of the plasma. This depth must be subtracted while evaluating the number of layers on graphitized SiC. Hence the number of layers can be estimated according to the relation n=(t-t0)/tgr, being tgr the interlayer separation between to stacked graphene layers (tgr≈0.35 nm). The average number of grown layers as a function of the growth temperature Tgr is reported in Fig.12 , where the error bars represent the standard deviations obtained from a large statistics on the number of layers determined at several sample positions.
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Local transport properties of graphene by scanning probe microscopy
One of the main issues in the research on graphene is to understand how the various scattering mechanisms limit the transport properties, i.e. the electron mean free path and the mobility. Ideally, in a very clean graphene sheet (i.e. with no adsorbed impurities) sufficiently isolated from its environment to be considered free standing, charge carriers can exhibit a giant intrinsic mobility [34] and can travel for micrometers without scattering at room temperature. Indeed, very high values of mobility (>2×10 5 cm 2 V -1 s -1 ) and electron mean free path have been observed in vacuum and at low temperature (5K) in 'suspended' graphene, obtained by locally etching the substrate under the sheet, after a cleaning by current-induced heating [35] . However, graphene for electronics applications is commonly supported by a dielectric substrate (typically SiO 2 or high-k dielectrics) or by semi-insulating SiC. The values of the electron mean free path and mobility observed in supported graphene layers are usually significantly lower than i n s u s p e n d e d o n e s . S o f a r , g r a p h e n e o n a substrate has shown field-effect mobility ranging from 10 2 to 2×10 4 cm 2 V -1 s -1 , depending on the kind of substrate and on the graphene synthesis method. Several factors that can affect the transport of carriers in graphene and degrade its electron mean free path and mobility have been identified and are still under active debate. Carrier scattering with charged impurities [36] (either adsorbed on graphene surface or trapped at the interface with the substrate) is typically indicated as one of the main mechanisms limiting mobility of graphene two-dimensional-electron-gas (2DEG). Since charged impurities interact with graphene 2DEG by a screened Coulomb potential, the strength of the interaction is expected to decrease significantly with increasing the permittivity of the substrate and/or of the dielectric layer deposited on graphene. Experimental results by different authors suggest that scattering by charged impurities is not the only mechanism that limits the mean free path attainable for substrate-supported graphene. Inelastic scattering by surface polar phonons (SPP) of the substrate [37] D has been indicated as an additional mechanism limiting the carrier mobility in graphene. It has been shown theoretically that, due to the polar nature of the substrates commonly used for graphene (like SiO 2 and SiC), a long-range polarization field is associated to the thermally induced lattice vibrations at the surface of the substrate (i.e. the SPP). This field electrostatically couples with the 2DEG, resulting in a sizeable degradation of mobility at room temperature. Recently, the experimental evidence of such SPP scattering at room temperature has been reported, based on temperature dependent transport measurements performed on devices in graphene deposited on SiO 2 substrate [34] . It has also been predicted that for graphene on SiC, the SPP scattering has a weaker effect on the electron mobility than for graphene on SiO 2 , due to weaker polarizability of SiC and relatively high phonon frequencies associated with the hard Si-C bonds [37] . As a matter of fact, charged impurities are randomly distributed on the graphene surface. The random distribution of these scattering sources causes local inhomogeneities in the transport properties, which adversely influence the reproducible operation of graphene nanodevices. Under this point of view, nanoscale resolution methods are required to probe the lateral homogeneity of the transport properties in graphene sheets.
Local electron mean free path
Recently, scanning capacitance spectroscopy (SCS) on graphene was applied to determine the "local" electron mean free path l (defined as the average of the distances traveled by electrons between "few" subsequent scattering events) and mobility μ [38,39]D 3 8 . A schematic representation of the SCS measuring setup is reported in Fig.13(a) . The graphene/insulator/semiconductor backgate system can be described as a metal-insulatorsemiconductor (MIS) capacitor. Under electric fields, graphene does not behave as a "classical" metal film, but manifests itself as a capacitor, whose capacitance (the quantum capacitance C q ) adds in series to the insulator and semiconductor capacitance contributions [40D ]. contact area with tip radius r tip . When the tip is in contact with graphene, a positive gate bias causes the accumulation of electrons in graphene to screen the positively charged uncompensated ions in the depletion layer at the SiO 2 /Si interface. On the contrary, a negative gate bias induces the accumulation of holes in graphene to screen the electrons at the SiO 2 /Si interface. In both cases, the induced carriers in graphene are distributed over an effective area A eff [40, 41] This is schematically illustrated in Fig. 13(b) . The total capacitance, when the tip is on graphene, is C tot =A eff ×C' tot , where C' tot is the series combination of C' MOS and C' q , the per unit area quantum capacitance of graphene. Since C' q >>C' MOS for the typical thicknesses (~100 or ~300 nm) of the adopted SiO 2 layers, C tot can be expressed as C tot =A eff ×C' MOS . Hence, C tot /C MOS =A eff /A tip. Fig.13 (c) and 13(d) show two representative ΔC-V g characteristics measured with the tip in contact on two distinct positions on a sample with graphene deposited on 100 nm SiO 2 . The curve in Fig.13(c) was measured with the tip on bare SiO 2 and exhibits the typical behavior observed for a MIS capacitor on a n-type semiconductor. The curve in Fig.13(d) , measured with the tip on graphene, has a minimum value close to V g =0 and increases both for negative and positive V g values. The experimental dependence of the effective area on the gate bias can be obtained from the ratio of the curves in Fig.13(d) and (c) , i.e. 
As shown in Fig.13 (e) , A eff exhibits a minimum at V g~0 and increases linearly with V g in a symmetric way for both bias polarities. A eff =πL eff 2 represents the effective area of the graphene capacitor responding to the AC bias, i.e. L eff is the distance from the tip contact where the induced screening charges (electrons/holes) spread in graphene. A eff is much smaller than the area of the entire graphene sheet (~100 μm 2 in this specific case). In the following, it is shown that L eff corresponds to the local electron mean free path in the probed graphene region. The induced charge carriers diffuse over a length L eff from the tip contact, traveling at velocity v F . Their diffusivity in graphene can be expressed as D=v F L eff /2. On the other hand, the diffusivity D can be related to electron mobility μ by the generalized Einstein relation D/μ=n/(q∂n/∂E F ), being q the electron charge, n the electron density and E F the Fermi energy in graphene. The concepts of mobility and carrier density in graphene are meaningful when the Fermi level is far from the Dirac point but is still in the linear region of the dispersion relation. In these conditions, the density of states is linearly dependent on E F . As a consequence, the carrier density can be expressed as n=E F 2 /(πħ 2 v F 2 ), and D/μ=E F /2q. Furthermore, far from the Dirac point, Boltzmann transport theory can be used to describe the electronic transport in graphene and μ can be expressed in terms of l as μ=qv F l/E F . As a consequence, L eff measured by SCS correponds to l. This continuum treatment, using the concepts of diffusivity and mobility and the Einstein relation, is justified on the "mesoscopic" length scale investigated by SCS (from 10 to 100 nm). A quantum mechanical treatment of electron scattering phenomena, based on the interference of incident and reflected electron wavefunctions by a single scattering center, is required on a length scale of ∼1 nm, as recently demonstrated in some investigations by scanning tunneling microscopy [42] .
Role of graphene/substrate interface on the 2DEG transport properties
In this section, 'local' measurements of the electron mean free path are reported in graphene on most relevant substrates for electronic applications: (i) graphene exfoliated and deposited on 4H-SiC(0001) (DG-SiC), (ii) graphene epitaxially grown on 4H-SiC(0001) (EG-SiC), and (iii) graphene deposited on SiO 2 (DG-SiO 2 ) [43] . In the case of DG-SiO 2 , the SiO 2 film works as the gate dielectric and the n + Si substrate works as the semiconductor of a metal-insulator-semiconductor (MIS) capacitor. Similarly, both in the case of DG-SiC and of EG-SiC, the very lowly doped SiC film works as the gate dielectric, whereas the n + SiC substrate works as the semiconductor back gate of the capacitor. Bias amplitude V g was varied from 0 to 10V at bias frequency of ω = 100kHz. In 
where ε ins and t ins are the relative dielectric constant and the thickness of the insulating layer under graphene and ε 0 is the vacuum absolute dielectric constant. The histograms of the l gr values at a fixed value of n Vg -n 0 =1.5×10 11 cm -2 are reported in Fig.15 (b) for DG-SiC (i), EGSiC (ii) and DG-SiO 2 (iii). Fig. 15 . Evaluated l gr for graphene exfoliated and deposited on 4H-SiC(0001) (DG-SiC), for graphene epitaxially grown on 4H-SiC(0001) (EG-SiC), and for graphene deposited on SiO 2 (DG-SiO 2 ) (a). l gr is reported versus n Vg -n 0 , being n Vg the carrier density induced in graphene by the gate bias V g and n 0 the carrier density at V g =0.
It is worth noting that l gr in EG-SiC is on average 37% of l gr in DG-SiC, but the spread of the l gr values in EG-SiC is much larger than in DG-SiC. These differences can be explained in terms of the peculiar structure of EG/4H-SiC (0001) interface, as discussed in the following section. It is also worth noting that l gr on DG/SiC is on average ~4× than on DG/SiO 2 and the spread of the l gr values are comparable in the two cases. This difference can be explained in terms of the higher permittivity of SiC (ε SiC =9.7) than SiO 2 (ε SiO2 =3.9) and of the lower coupling of the 2DEG with surface polar phonons in SiC than in SiO 2 . This is better discussed in the following. The electron mean-free path limited by scattering on charged impurities (l ci ) in graphene could be expressed as a function of the carrier density as [44] 
where Z is the net charge of the impurity (assumed to be 1 for this study), N ci is the impurity density and ε is the average between the relative permittivity of the substrate (ε ins ) and of vacuum permittivity (ε vac =1). The electron mean free path limited by scattering with a SPP phonon mode of characteristic frequency ω ν can be expressed as [45] 4e ]. In Fig.16 (a) and (b) the average of the l gr vs n Vg -n 0 curves measured on different tip positions on DG-SiC and DG-SiO 2 are fitted with the equivalent mean free path obtained by, 11 1 ll l gr _ eq gr _ ci gr _ SPO,
The characteristic SPP frequencies and the corresponding Fröhlich coupling constants for SiO 2 and 4H-SiC substrate are listed in Table 1 The only fitting-parameter is N ci . The charged-impurity density limiting the mean free path was found to be ~7×10 10 cm -2 for DG-SiC, and ~1.8×10 11 cm -2 for DG-SiO 2 [43] . The calculated l SPP and l ci versus n Vg -n 0 curves are also reported in both cases. It is worth noting that l SPP for DG-SiC is more than five times l SPP for DG-SiO 2 . As a result, scattering by charged impurities is the limiting scattering mechanism in DG-SiC (see Fig.16(a) ), whereas a significant contribution is played by scattering with SPP in the case of DG-SiO 2 , especially at higher carrier densities (see Fig. 16(b) ).
Electronic properties of the graphene/4H-SiC(0001) interface.
As shown in Fig.15(a) , the interface between epitaxial graphene and 4H-SiC (0001) strongly affects the overall electronic and transport properties of the 2DEG in EG. Both experimental and theoretical studies have shown that EG synthesis on the (0001) face of SiC, occurs through a series of complex surface reconstructions [47] . This starts from an initial (Si-rich) (√3×√3)R30° phase which rapidly converts into a second (C-rich) (6√3×6√3)R30° reconstruction when the temperature increases. This layer may be more or less defective with more or less dangling bonds at the interface with the Si face. Angle resolved photoemission spectroscopy (ARPES) measurements indicate that its electronic structure is not that of graphene single layer, i.e. no linear dispersion is observed. This layer is simply an intermediate (buried) buffer layer (zero layer, ZL) with a large percentage of sp 2 hybridization. The first graphene layer which forms on the ZL (see schematic in Fig.17(a) ) exhibits, instead, a linear dispersion relation. The presence of the ZL makes EG n-type doped and causes an overall degradation of the carrier mobility. Recently, the properties of the interface between EG and the zero layer have been investigated with nanoscale lateral resolution and compared with those of graphene mechanically exfoliated from HOPG and deposited on 4H-SiC (0001) [48] . In fact, in the case of deposited graphene (DG) no zero layer is present at the interface. EG was grown on n + -doped (0001) 4H-SiC substrate, 8° off axis, with a weakly doped n --epitaxial layer on top, in an inductively heated reactor at a temperature of 2000 °C and under 1 atm Ar pressure [29] . A piece of the same 4H-SiC wafer (not subjected to annealing) was used as the substrate for DG. This local investigation has been performed by measuring the current flowing across the interface using torsion resonance conductive atomic force microscopy (TR-CAFM) and scanning current spectroscopy (SCS). TR-CAFM (see schematic in Fig.18(a) ) is a dynamic scanning probe method which allows nondestructive electrical measurements from a conductive tip oscillating in a torsional or twisting mode in close proximity to the sample surface (0.3-3 nm). When a bias is applied between the tip and the sample backside, a map of the current flowing from the tip to sample surface is acquired. This noncontact method has a distinct advantage over the conventional conductive atomic force microscopy performed in contact mode because of the absence of shear forces that can damage the graphene sheets. Commercially available Si n + -doped probes with platinum (Pt) coating were used, with a typical radius of the apex of 10-20 nm. TR-CAFM was used to measure, simultaneously, topographic and current maps on the sample surface. Fig.18(b) shows a TR-CAFM current map taken on DG at tip bias of 1 V. The brighter portions in the current map (region carrying a higher current) correspond to graphene. After identifying the SiC regions coated with DG, local I-V measurements were carried out by scanning current spectroscopy (SCS). In SCS the conductive tip is placed in contact on a discrete array of positions on the sample surface non invasively, lifting the tip by 20 nm at every interval. A swift transition between TR-CAFM and SCS is possible without altering the sample position. The representative positions of the tip during the SCS scan are depicted in Fig.18(b) and the recorded I-V curves are shown in Fig.18(c) . All I-V curves exhibit a rectifying behavior, with a low leakage current under reverse bias and a sudden increase in the current for positive bias higher than a threshold voltage. It is worth noting that the acquired curves can be divided in two groups, which correspond to the tip positions on DG and bare SiC substrate. It is clear that DG forms a Schottky contact on top of the 4H-SiC layer. Based on these results on DG, TR-CAFM was used to get local information on the graphene coverage on EG. Fig.18 (e) shows a typical TR-CAFM current map along with the morphology collected on EG ( Fig.18(d) ). By comparing the morphology and current maps, brighter regions in the current map appear evident, corresponding to areas covered by a few MLs of graphene. The I-V characteristics collected by SCS in the same sample region are reported in Fig.18(f) .
Similarly to the sample with DG, the I-V curves on the sample with EG can be divided into two distinct families: the curves acquired on an area covered with graphene and those acquired on an area free of graphene. The I-V characteristics on the graphene-free regions remained similar to those measured on the bare 4H-SiC surface in the sample not subjected to thermal treatment (see Fig.18(c) ). The curves obtained on the regions coated with EG show completely different I-V characteristics. The leakage current is now very large with, in some cases, a clear Ohmic behavior. This is a direct evidence that the Schottky barrier height (SBH) at the EG/4H-SiC interface has been reduced with respect to DG/4H-SiC with, in some cases, a possibility of direct tunnel injection. These SBH values have been evaluated for each of the I-V curves in Figs.18 (c) and (f), using the procedure of Refs. [49,50D ] . Fig.19(d) . This pinning is a direct evidence of the presence of positively charged states located at the interface between the Si face of 4H-SiC and the zero layer. The spread of SBH values for EG/4H-SiC is an evidence of a non uniform density of the interface states. 
Summary
After discussing two of the main graphene synthesis routes (mechanichal exfoliation of HOPG and thermal decomposition of SiC), the local characterization of graphene electronic properties by recently demonstrated scanning probe microscopy techniques has been presented. In particular, the lateral inhomogeneity of the electron mean free path has been determined, in relation to the graphene/subtrate interface and to the substrate dielectric properties. The peculiar electrical properties of epitaxial graphene/4H-SiC (0001) interface have been discussed. The results of these measurements will allow to explain some peculiar aspects of the electrical behavior of macroscopic devices fabricated on graphene.
